INTRODUCTION
The supernova community used to believe that stars above a certain mass, about 30 M ⊙ ZAMS (zero age main sequence) will collapse into a massive black hole (MBH) of mass of order 10 M ⊙ . The argument was that in these stars the mantle was bound with a binding energy well above 10 51 erg so that the supernova shock was not strong enough to expel it.
Whereas this may be true for single stars, Woosley, Langer & Weaver (1995) showed that in binaries, where the hydrogen envelope of the primary star has been transferred to the companion in RLOF (Roche Lobe Overflow), the evolution of the resulting "naked" He star; i.e., the star without hydrogen envelope, led to a substantially smaller presupernova core than that of a single star with hydrogen envelope. A comparison of compact core masses from naked He stars and those evolved by for single stars is shown in Figure 1 , taken from Brown, Weingartner & Wijers (1996) . Detailed reasons for the great difference in the evolution of "clothed" and naked He cores are given in WLW (1995) .
Stars with ZAMS masses ∼ > 40 M ⊙ lose their masses by strong winds, whether in binaries or not, and become Wolf-Rayet stars. In an earlier paper WLW (1993) investigated ZAMS masses of 35, 40, 60 and 85 M ⊙ . In those up through 60 M ⊙ the hydrogen envelope was blown off early enough for the He cores to evolve as naked ones and compact core masses were around 1.5 M ⊙ (gravitational). In fact, with inclusion of extensive mass loss the lower line in Fig. 1 , which heads just above 1.5 M ⊙ for the higher ZAMS masses, gave the WLW (1993) correspondence of Fe core mass to ZAMS mass for single stars of masses 35 − 60 M ⊙ . Thus, rapid mass -4 -loss by wind in this mass region which removes the H-envelope before appreciable
He core burning begins leaves a He core which burns as a "naked" one. (In the case of the massive stars the relation shown in Fig. 1 Thorsson, Prakash & Lattimer (1994) and Brown & Bethe (1994) have studied the compact core after the collapse of a supernova, assuming reasonable interactions between hadrons. Initially, the core consists of neutrons, protrons and electrons and a few neutrinos. It has been called a proto-neutron star. It is stabilized against gravity by the pressure of the Fermi gases of nucleons and leptons, provided its mass is less than a limiting mass M P C (proto-compact) of ∼ 1.8 M ⊙ .
THE COMPACT STAR
If the assembled core mass is greater than M P C there is no stability and no bounce; the core collapses immediately into a black hole. It is reasonable to take the core mass to be equal to the mass of the Fe core in the pre-supernova, and we shall make this assumption, although small corrections for fallback in the later supernova explosion can be made as in Brown, Weingartner & Wijers (1996) . If the center collapses into a black hole, the outer part of the star has no support and will -5 -also collapse. We then get a massive black hole containing the entire mass of the presupernova star, perhaps of order ∼ < 10 M ⊙ . (At least in binaries the companion star will have removed the hydrogen envelope by either Roche Lobe Overflow or by common envelope evolution, depending on the mass of the companion, and wind will diminish the He core before the SN explosion.)
If the mass of the core is less than M P C , the electrons will be captured by
and the neutrinos will diffuse out of the core. This process takes of order of 10 seconds, as has been shown by the duration of the neutrino signal from SN1987A.
The result is a neutron star, with a small concentration of protons and electrons.
The Fermi pressures of the core are chiefly from the nucleons, with small correction from the electron. On the other hand the nucleon energy is increased by the symmetry energy; i.e., by the fact that we now have nearly pure neutrons instead of an approximately equal number of neutrons and protons. Throsson et al (1994) have calculated that the maximum mass of the neutron star M N S is still about 1.8 M ⊙ ;
i.e., the symmetry energy compensates the loss of the Fermi energy of the leptons.
Corrections for thermal pressure are small (Prakash et al, 1997) .
The important fact is that the ten seconds of neutrino diffusion from the core give ample time for the development of a shock which expels most of the mass of the progenitor star.
But this is not the end of the story. The neutrons can convert into protons plus -6 -
Since the density at the center of the neutron star is very high, the energy of the K − is very low, as confirmed by Li, Lee and Brown (1997) using experimental data.
By this conversion the nucleons can again become half neutrons and half protons, thereby saving the symmetry energy needed for pure neutron matter. The K − , which are bosons, will condense, saving the kinetic energy of the electrons they replace. The reaction (2.2) will be slow, since it is preceded by
with the reaction (2.2) following as it becomes energetically advantageous to replace the fermionic electrons by the bosonic K − 's at higher densities. Initially the neutrino states in the neutron star are filled up to the neutrino chemical potential with trapped neutrinos, and it takes some seconds for them leave the star. These must leave before new neutrinos can be formed from the process (2.3). Thorsson et al (1994) have calculated that the maximum mass of a star in which reaction (2.2) has gone to completion is
where the lower suffix NP denotes their nearly equal content of neutrons and protons, although we continue to use the usual name "neutron star". This is the maximum mass of neutron stars, which is to be compared with the masses determined in binaries. The masses of 19 neutron star masses determined in radio pulsars (Thorssett & Chakrabarty, 1998) are consistent with this maximum mass.
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The core mass M C formed by the collapse of supernova must therefore be compared to the two limiting masses, M P C and M N P . If
we get a high mass black hole, of mass essentially equal to the full mass of the presupernova star. If
we get a low mass black hole, of mass M C . Only if
do we get a neutron (more precicely, "nucleon") star from the SN. Only in this case can we observe a pulsar. In cases (II) and (III) we can see a supernova display.
In case (I) only initial neutrinos from electrons capture in the collapse before M C becomes greater than M P C but no light would reachus.
We tentatively choose the lower limit of ZAMS mass for making MBHs to be 80 M ⊙ . On the other hand it is believed that ZAMS above 100 M ⊙ do not exist, because of excessive formation of electron pairs. So we assume that the range of 80 to 100 M ⊙ is available.
RATE OF FORMATION
We are interested in massive binaries containing one star of ZAMS mass between -8 -there is one supernova per century per Galaxy in a binary. Assuming also that 10 M ⊙ is required for a star to end up as a SN of type II (or Ib or c) and a 50 % binarity, the formation of binaries of M > 10 M ⊙ in binaries is also 10 −2 per year per Galaxy. We assume a Salpeter function with index n = 1.5; then the fraction of such stars between 80 and 100 M ⊙ is
So the rate of formation is
We require that this star A be accompanied by a companion B of M > 10 M ⊙ .
Assuming that the distribution of mass of the companion is dq, with
and having assumed M A = 90 M ⊙ on average, we need q > 1/9 which has a probability 1 − q = 0.9 , (3.4) hence formation rate
In order to observe strong X-rays from the MBH, the distance a between star A, the MBH, and star B, an O or B star, should not be too large, let us say < 150 R ⊙ .
On the other hand it must not be < 30 R ⊙ because otherwise the two stars would -9 -merge already at this stage of evolution. Assuming, as in Bethe & Brown (1998) a distribution da/7a, the probability that a falls in the desired limits, is
giving for the probability of formation (per Galaxy)
Although we take the same logarithmic interval as in Bethe and Brown, we think of the lower limit as a ∼ > 3 × 10 7 km so that the more massive stars we deal with here lie inside their Roche Lobes and the upper limit as a < 3 × 10 10 km, although the latter is uncertain because O-star binaries probably will not be recognized for such a large separation (Garmany et al, 1980) . High mass transfers from the O-star occur only when it nearly fills its Roche Lobe. It is then bright for a time (Massevich et al. , 1979) τ = 2.7 × 10 5 yr . (3.8) so the expected number of strong X-ray emitting binaries in the Galaxy is
Only one such binary has been observed, Cygnus X-1, at a distance of 2.5 kpc.
Let us assume that more distant examples are obscured for some reason. Then the number of binaries inferred from the existence of Cygnus X-1 is (Iben, Tutukov & Yungelson, 1995) (Radius of Galaxy/2.5 kpc) 2 = (10/2.5) 2 = 16 , (3.10) -10 -somewhat larger than our theoretical number N = 7. In fact, X-rays of energy > 3keV should be seen throughout the Galaxy, penetrating even the Galactic disc.
On the other hand, the O-star in the binary would probably be in the disc and might well be obscured at the greater distances, so that the X-rays could not be associated with the binary. In the Magellanic clouds, with less than 5% of the mass of the Galaxy, two high mass black-hole binaries, LMC X-3 with a B-star companion and LMC X-1 where the donor is probably an O-star, have been observed. We believe the high incidence of HMBH's in the LMC to be not only a consequence of the large amount of star formation there, but also of the low metallicity, compared with solar.
We return to a discussion of this in Section 6.
MERGING OF MBH
The MBH will merge with star B by gravitational waves if their distance is < R max , with R max given by Bethe & Brown (1998) , eq. (7.7)
Here, M A , the mass of the MBH, has been assumed to be 10 M ⊙ . The companion should be assumed to be a NS by now, so we take M B = 1.4 M ⊙ . then
Assuming R min = 3 R ⊙ for the MBH-He star system (which may be too restrictive), the probability of gravitational merging of a Cygnus X-1 type binary is p = (1/7)ln(10/3) = 0.17 . (4.3)
We assumed above that the separation a in the MBH, neutron-star binary is the same as that in the MBH, He-star binary before the explosion of the He star. We also assumed, because of the high mass of the black hole, that the binary would not be disrupted in this explosion. There is a decrease in merger time because of eccentricity in the final MBH, neutron-star orbit, of (Eggleton 1998) Z(e) ≈ (1 − e 2 )
3.689−0.243e−0.058e 2 (4.4)
The increase in merging for the case of a 10M ⊙ black hole and 1.4M ⊙ neutron star due to eccentricity have been found to be 42 % by Lee & Brown (1998 cancel.) Using the formation probability α 2 , eq. (2.5), the rate of mergers is
twice that of mergers of two neutron stars (Bethe & Brown 1998 ).
Use of α 2 rather than α 3 is justified because it is not necessary that the binary be observable as an X-ray source.
We assumed in our argument that the numerical value of da/7a is unchanged as a is shifted; e.g., by common envelope evolution of the black hole in the OB-giant.
In Bethe & Brown (1998) it was checked by comparison with detailed computer calculations of Portegies Zwart and Yungelson (1998) that this assumption held for changes in a from mass transfer, etc. Common envelope evolution had to be carried out explicitly there because binaries with larger values of a were likely to be -12 -disrupted in the supernova explosion due to the kick velocities of the neutron stars.
In our present case the entire He star drops into a MBH without kick, so there is no disruption. Thus, shifts in the logarithmic interval due to mass exchange, etc.,
will not change our rate of merging. Our approximation does neglect, however, the increase in mass of the HMBH. Carrying through the common envelope evolution as in Bethe and Brown gives the mass increase to be ∼ 30%.
CONCLUSIONS
In this note we estimate the rate of merging of massive black-hole, neutron-star binaries as ∼ 2 × 10 −5 yr −1 for our Galaxy. This is relatively low because of the high ZAMS mass required to form MBH's. The necessity of these high masses results from the relatively small compact cores resulting from the evolution of the "naked" He cores; i.e., those in which the H envelope has been removed. The evolution was carried out by Woosley, Langer & Weaver (1993 .
As noted in Bethe & Brown (1998) LIGO will measure each binary's chirp mass
to an accuracy of a few tenths of a percent (Poisson and Will, 1995) . estimates, of high-mass black holes with massive companions (Cyg X-1 being the only observed one in the disc) we view the factor ∼ 40 as uncertain. However, our estimates suggest that these Cyg X-1-like objects could contribute in the same order as the low-mass black-hole, neutron-star binaries evolved by Bethe and Brown (1998) where an enhancement of ∼ 30 over binary neutron-star mergings was found. Note that both enhancement factors of HMBH-NS and LMBH-NS binaries are ∼ doubled if, indeed, binary neutron star progenitors resulting from main sequence masses < 15 M ⊙ expanded in He shell burning with the result that the pulsar evolves into a black hole (Brown, 1997) , giving an estimated total enhancement in the mergings for LIGO of ∼ 140, as compared with those for binary neutron stars. However, the greater enhancement is achieved at the expense of a lower rate of ∼ 5 × 10 −6 per Galaxy per year for binary neutron star mergings.
Note that the merging rate of ∼ 6 × 10 −6 per Galaxy per year for binary neutron star mergings arrived at from observations by Van den Heuvel & Lorimer (1996) should be decreased by a factor ∼ > 2 because of greater distance (d = 1.1 ± 0.2 kpc)
found for PSR 1534+12 (I. H. Stairs et al, 1998) .
Thus, our inclusion of the conversion of the pulsar into a black hole by accretion during He shell burning of the companion He star is coincidentally accompanied by the factor ∼ 2 decrease in "observational" rate.
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OTHER EFFECTS OF HYDROGEN "CLOTHING"
We have seen that the He core of stars evolves quite differently according as it is "clothed" with an H envelope or not. We believe that this difference may explain problems in some recent investigations.
Formation of black holes with light companions
Portegies Zwart, Verbunt & Ergma (1997) have discussed the formation of black holes in low-mass X-ray binaries. Many of these transient X-ray sources have been discussed recently with black-hole masses in the probable range ∼ 6 − 7 M ⊙ .
Assuming a lower limit of ∼ 40 M ⊙ for black-hole formation, Portegies Zwart et al find a much too low rate of formation.
In their evolution, the black hole originates from the more massive component He core burning phase. After RLOF the He core of the primary will burn as a "naked" He core, with possible fate as either low-mass black hole or neutron star (Brown, Weingartner & Wijers, 1996) but not as a high-mass black hole. Therefore a high-mass black hole will generally not have a massive companion, except in the relatively rare cases we first discussed. Low mass companions will go into common envelope evolution with the evolving supergiant envelope. The smaller the companion mass, the greater the distance that the giant must evolve so that the envelope binding energy diminishes so that the envelope can be removed by the companion spiral in.
Nucleosynthesis
The galactic ratio of oxygen to iron depends on the ZAMS mass above which stars evolve into high mass black holes (cut off mass) and therefore do not return matter to the Galaxy. Oxygen is chiefly produced in quiescent burning before the supernova explosion and the amount is roughly proportional to ZAMS mass.
Fe, on the other hand, is produced explosively in the SN explosion, and the amount is roughly independent of ZAMS mass, possibly decreasing slightly as the latter increases. Tsujimoto et al (1997) They remark that the influence of the metallicity dependence of stellar wind losses may be significant, but do not take it into account. We believe, however, the larger wind losses of stars with solar metallicity to have important effects. Over a wide range of ZAMS masses, between ∼ 35 − 40 M ⊙ and ∼ 80 M ⊙ according to Woosley, Langer & Weaver (1993) , the winds remove the H envelope sufficiently rapidly that the He cores evolve as "naked". Thus, the cores evolve into either low-mass black holes or neutron stars, their (gravitational) core masses following the lower line heading slightly above 1.5 M ⊙ in Fig. 1 . Brown, Weingartner & Wijers found that the primary in 1700-37 probably evolved into a low-mass black hole (It doesn't pulse.) whereas 1223-62 is known to contain a neutron star. In both cases the ZAMS mass of the primary was found to be ∼ 40 M ⊙ , so this approximately locates the ZAMS mass corresponding to M N P of Section 2, in the case of solar metallicity. (As noted earlier, we estimate the ZAMS mass corresponding to M P C to be ∼ 80 M ⊙ .) It may well be that for metal poor stars, with much weaker winds, the hydrogen envelope is not removed rapidly enough for their He cores to evolve as "naked". In this case the limit (6.1) for ZAMS masses giving core mass M P C could be more appropriate.
We have not attempted to carry out a calculation of nucleosynthesis in our scenario, but wish to point out features of our scenario which will tend to increase the M cutoff above which element production for the galaxy ceases.
Disregarding mass loss, single stars above a certain mass M min evolve into This group of stars is in addition to the stars above M cutof f . To compensate for this fact, M cutof f will have to be raised above the Tsujumoto value. Because the abundance of stars decreases with increasing mass, the raise has to be more than 10 − 15 M ⊙ . Thus we suggest that M cutof f may be as high as the 80 M ⊙ which we used for other reasons in section 3.
We note from the WLW (1993) calculations that "naked" He cores evolve into less massive carbon/oxygen cores than "clothed" ones. Thus we see that inclusion of mass loss will tend to move the determination of the mass above which all nucleosynthesis ceases even higher. Therefore, we believe that inclusion of the mentioned effects may decrease the apparent discrepancy between M cutoff of Eq. (6.1) and our ZAMS mass of 80 M ⊙ for making MBH's.
